Abstract: Optimizing N fertilizer applications involves maximizing N use efficiency (NUE) while minimizing losses but depends on complex interactions of crop, soil, weather, and management practices. One approach may be to use controlled-release fertilizer that synchronizes N availability with plant demand. A field experiment at two Ontario locations from 2007 to 2009 compared split-applied ammonium nitrate (ANs) to preplant-applied poly-coated urea (PCU) and soluble N at a ratio of 75:25 at five N rates on late-season storage cabbage (Brassica oleracea L. var. capitata). Maximum yield and profit margins were obtained at an average of 286 and >300 kg N ha −1 , but few differences among sources were observed. Compared with ANs, PCU did not affect plant N content, nor did PCU reduce soil nitrate or NUE, which indicates little differences in risk of environmental N losses between N sources. Dissolution from mesh bags indicated 5%-25% of various PCU formulations remained by harvest but 5%-10% remained by spring, which suggests conservation over the winter, a need to synchronize N release with crop uptake, and partially explains the lack of treatment differences. From agronomic, economic, and environmental perspectives, the tested PCU treatments for cabbage production in a humid, temperate climate were equivalent to the standard practice. Le rendement optimal et la meilleure marge bénéficiaire ont été atteints aux taux moyens de 286 et de >300 kg de N par hectare, mais l'écart entre les deux sources de N était peu important. Comparativement au NAf, l'UEP n'affecte pas la concentration de N dans la plante et ne réduit pas la teneur en nitrate du sol ni l'UMN, signe que les risques de pertes de N dans l'environnement sont à peu près identiques pour les deux sources. La dissolution dans des sacs en filet révèle que 5 à 25 % des diverses formules d'UEP subsistent à la récolte, mais puisqu'on retrouve 5 à 10 % d'UEP au printemps, l'engrais résiste apparemment à l'hiver. Il faut donc synchroniser la libération du N avec la capacité d'absorption de la plante. On y voit en partie l'explication à la faible variation entre les traitements. Du point de vue agronomique, économique et environnemental, les traitements avec de l'UEP testés sur le chou dans un climat tempéré humide ont un effet équivalent à celui du traitement usuel. [Traduit par la Rédaction] Mots-clés : urée (enrobée de polymère), engrais (à libération lente), légume, crucifère.
Introduction
Nitrogen (N) management in agroecosystems is complex due to multiple factors involved in N cycling and crop production as well as highly variable soils and weather (predominantly precipitation and temperature) in humid, temperate climates (Congreves and Van Eerd 2015) . With soluble N fertilizers, particularly on irrigated, sandy soil, there can be considerable N loss to water tables with vegetable production (Kraft and Stites 2003) , but the loss depends on the quantity, source, and timing of fertilizer N applied and soil conditions. Despite the risk of N losses, there appears to be a yield benefit from large applications of soluble fertilizer N just prior to planting (preplant) cole crops (Bakker et al. 2009a (Bakker et al. , 2009b McKeown et al. 2010) . The typical recommendation to reduce fertilizer N losses is to split the timing of N applications into smaller applications. In some cases, split N applications have been proven less effective and can result in lower cole crop yield (McKeown et al. 2010 ) than preplant applications. Moreover, due to labour and equipment costs, split applications raise the cost of production. Thus, there is an opportunity to improve fertilizer N applications from an agronomic, economic, and environmental perspective.
Cole crops, especially long-season storage cabbage, have been shown to require significant quantities of N for optimal yield (see the meta-analysis by Congreves and Van Eerd 2015) . For example, in a storage cabbage cultivar in Ontario and British Columbia, yield increased at the highest rates tested of 400 and 500 kg N ha −1 , respectively (Zebarth et al. 1991; McKeown et al. 2010) . Moreover, N deficiencies (i.e., fertilizer N rates lower than 50 kg N ha −1
) have been shown to negatively affect the quality of broccoli (Bakker et al. 2009a ) and cabbage (McKeown et al. 2010) . Clearly, cole crops such as storage cabbage require high quantities of N fertilizers; therefore, strategies that improve nitrogen use efficiency (NUE) and (or) lower fertilizer N requirements while maintaining crop productivity and quality would be advantageous.
One such approach may be to match soil N availability with crop demand using slow-release fertilizers or controlled-release fertilizers (CRFs). Over the years, there have been numerous types of slow-release fertilizers evaluated in vegetable crops, such as sulphur-coated urea (SCU) (Guertal 2009; Morgan et al. 2009 ), but none have gained much use in vegetable production, likely due to their higher cost compared with soluble N fertilizers (Shaviv and Mikkelsen 1993; Simonne and Hutchinson 2005) . Applying all fertilizer N prior to planting has been shown to reduce application costs relative to split applications (Guertal 2009 ). Thus, preplant CRF may allow for labour, time, and equipment savings compared with standard split applications despite the increased cost of CRF.
There is a relatively new class of CRFs based on a polycoated urea (PCU) such as environmentally smart N (ESN®; Agrium Advanced Technologies Inc., Calgary, AB). Controlled-release fertilizer products have a simpler release mechanism governed by the coating's response to soil temperature and moisture as opposed to other slow-release products, which require biological action in addition to appropriate soil temperature and moisture (Morgan et al. 2009 ). These CRF products have proven successful in potato production (Zvomuya and Rosen 2001; Hutchinson et al. 2003; Wilson et al. 2010; Ziadi et al. 2011) , with the potential to reduce N loss and improve NUE (Shaviv and Mikkelsen 1993; Shaviv 2001; Simonne and Hutchinson 2005; Guertal 2009; Morgan et al. 2009; Wilson et al. 2010; Nash et al. 2015) ; however, little is known about the effectiveness of CRFs in cole crop production. Ideally, CRF is applied preplant and releases N to the crop based soil moisture and temperature (Carson and Ozores-Hampton 2012) , thereby saving the labour and time of split applying N fertilizer (Guertal 2009; Carson and Ozores-Hampton 2012) , while increasing fertilizer NUE (Zvomuya et al. 2003) and minimizing the potential for N loss often associated with preplant applications of soluble fertilizers. Furthermore, there may be an opportunity for cost benefits in terms of both time and financial resources of applying fertilizer in one application. Thus, there is a need to evaluate CRF under temperate climatic conditions, particularly with a crop that has a high N demand, such as cole crops. In addition, CRF products do not appear to have been tested on long-season storage cabbage. The objective of this research was to determine how preplant application of CRF products compare to conventional ammonium nitrate (ANs) for long-season storage cabbage in terms of crop yields and economics, fertilizer NUE, and to estimate the potential risk for N losses. It was hypothesized that CRF products would increase fertilizer NUE to optimize storage cabbage yield and profit margins while minimizing fertilizer application rates and mitigating N losses compared with the ANs treatment.
Materials and Methods
The research was conducted at two research stations of the University of Guelph at Simcoe (latitude 42°51′N, longitude 80°16′W) and Ridgetown (42°26′N, 81°53′W), ON, from 2007 to 2009. Results from 2008 at Ridgetown were not presented due to a manganese deficiency in a portion of the trial that could not be separated by replication. The soil type at Simcoe was a fine sandy loam of the Brunisolic Gray Brown Luvisol subgroup (Presant and Acton 1984) and a sandy loam (2007) and loam (2009) of the Orthic Humic Gleysol, Canadian Soil Classification at Ridgetown (Table 1) . Grain rye (Secale cereale L.) was harvested the previous season with volunteer seeds producing cover crop until termination the following spring prior to cabbage production at Simcoe. At Ridgetown, the previous crop was soybean [Glycine max (L.) Merr.]. Total precipitation and average air temperature were recorded at Simcoe (CR21X datalogger, Campbell Scientific, Edmonton, AB) and Ridgetown (Weather Innovations Inc., Chatham, ON) ( Table 2) . Soil types, crop rotation, and weather were typical of vegetable production in southern Ontario.
At each site from each replicate, a composite soil sample of 10-12 soil cores (3.5 cm diameter) to a depth of 30 cm was taken to determine preplant soil characteristics. Samples were analyzed by A&L Canada Laboratories Inc. (London, ON) and included soil pH (1:1 v/v water:soil), organic matter (loss on ignition), nitrate-N and ammonium-N (KCl extraction with cadmium-reduction and phenol methods, respectively), phosphorus (P; Olsen bicarbonate extraction), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), sulfur (S), zinc (Zn), Mn, boron (B), iron (Fe; atomic absorption via ammonium acetate extraction), cation exchange capacity (CEC; estimated based on ammonium acetate extraction and pH), and soil texture (hydrometer method). At both sites, P and K were applied as 145 kg ha To compare cabbage response to various commercially available CRF products, additional treatments with both cultivars at both sites were included in the experiment. a Concentration in composite of 12 soil samples taken from each of three research plots within 50 m of the trial at planting.
These fertilizers were preplant-applied at 225 kg N ha −1 and included the following sources: ammonium nitrate (ANp), SCU (37% N, Agrium Inc.), PCU ESN® (43% N, ESN, Agrium Inc.), SuperU® urea (46% N, Koch Agronomic Services LLC, Wichita, KS) containing the urease inhibitor N-(n-butyl) thiophosphoric triamide and dicyandiamide, a nitrification inhibitor, and Sulf-N® ammonium sulphate nitrate (26% N, 14% S, Honeywell, Morristown, NJ).
Experimental design
All fertilizer treatments (rate, source, and timing) and cultivars ('Huron' and 'Loughton') were arranged in a randomized complete block design with four replications for each site and year, except at Simcoe in 2008 and 2009, where fertilizer plots were split to accommodate two rows of each cultivar. All fertilizer N was broadcasted by hand. All preplant fertilizer N applications (i.e., not the second application of the ANs treatment) were incorporated to a depth of 10-15 cm using a commercial cultivator. The second application of the ANs treatment was not incorporated to avoid possible crop damage, particularly to roots, from cultivating. Cultivars 'Huron' and 'Loughton' were selected as they represent >80% of the commercial industry due to their high yield and storage potential.
Plots were 9 and 11 m long at Simcoe and Ridgetown, respectively. For soil and plant N content, only 'Huron' was analyzed to minimize labour and costs. The aboveground portion of three and five plants per plot was sampled at Simcoe and Ridgetown, respectively. Leaves, stems, and heads were separated, weighed, dried at 60°C, and dry weights taken. A representative sample of dried plant tissue was ground to 1 mm with a Wiley® mill. The dry combustion method (McGill and Figueiredo 2008 ) using a LECO CN determinator (LECO Corporation, St. Joseph, MI) at an Ontario-certified laboratory (A&L Canada Laboratories Inc., London, ON) was used to determine percent total N concentration in plant samples. The product of dry weight, N concentration, and plant population were used to convert data to plant content (kg N ha
−1
). Soil samples from at least 5, typically 7-10, cores (3.5 cm diameter) were taken at a 30-cm depth from each plot of selected fertilizer treatments at harvest. Soil was homogenized in the field, transported in a cooler, stored frozen at −20°C, and sent for analysis at an Ontariocertified laboratory (A&L Canada Laboratories Inc.). Using KCl extraction with the cadmium-reduction, nitrate-N concentration was quantified colourimetrically (Maynard et al. 2008 ) by an auto analyzer (Technicon Auto Analyzer II, Tarrytown, NY). Concentration data were converted to content (kg N ha −1 ) based on texturespecific bulk density and sample depth (30 cm).
N use efficiency indices
The potential environmental impact of N treatments was estimated for cabbage 'Huron' using soil nitrate (0-30 cm depth) and N content in the head (harvested portion), stem, leaves (crop residue remaining in the field), and total plant (sum of head, leaves, and stem) at harvest. These parameters were used to calculate four NUE indicators (DeBruyn et al. 2017) . Nitrogen harvest index was the proportion of N in the harvested plant part (i.e., the head) relative to plant N content. Agronomic NUE was the quantity of N in the head divided by the amount of fertilizer applied. Apparent fertilizer N recovery efficiency (AFNRE) was the difference of plant N content in the fertilized treatment and unfertilized control divided by the quantity of fertilizer applied. Fertilizer N utilization efficiency was the difference of head N content in the N treatment and the unfertilized control divided by the difference of plant N content in the N treatment and the unfertilized control. All NUE parameters were expressed as a percentage by multiplying values by 100.
Dissolution of fertilizers
The timing of N released over the growing season from various CRF products under field conditions was examined in 2008 and 2009. Ammonium nitrate (34% N) was compared with SCU (37% N), Type 1 PCU, Type 2 PCU, Type 3 PCU (all 43% N), and ESN®, the commercially available form of PCU (43% N) using the prill weight loss method described by Zvomuya et al. (2003) and validated by Carson and Ozores-Hampton (2012) . Polypropylene mesh bags (9 cm × 7 cm) were filled with measured amounts (7.5 g) of the fertilizers and buried 1 m apart in the cabbage row at a depth of 15 cm at the time of transplanting (designated day 0). Treatments were arranged in a randomized complete block, with four replications (bags in different area), in an unfertilized area with cabbage grown beside the aforementioned experiment. Four bags of each treatment were removed and weighed at approximately 10, 21, 42, 63, 84, 105, 126 , and 147 d after burial, where day 147 corresponds to cabbage harvest. In 2009 at both sites, an extra time point (approximately 300 d) was included where bags were left over winter and removed the following spring.
Economic analysis
The economic analysis was conducted based on profit margins over fertilizer costs. Profit margins were calculated using marketable yields for each plot and the average cabbage price over the study period (2007-2009 ). This average price was based on the minimum prices paid for processing cabbage in each of these years, as specified in marketing agreements of the Ontario processing vegetable growers. Fertilizer costs consist of the retail price plus application costs. Retail prices for many of the fertilizers applied were not available for the study period, so prices at local suppliers in the spring of 2016 were used. However, ammonium nitrate is no longer sold at most outlets in Ontario. To estimate a spring 2016 price for ammonium nitrate, for consistency with the other fertilizer prices, the average price ratio of ammonium nitrate to urea ($565:$655) during the study period was multiplied by the spring 2016 price of urea ($597). Given the similarity in urea prices between the time periods, the use of this approach to estimate a current ammonium nitrate price is unlikely to have much influence or bias on the estimated level of profit margins. The cost of fertilizer application was based on the average custom rate charged in 2015, as reported in the Survey of Ontario Custom Farmwork Rates (OMAFRA 2015) .
The economic analysis was conducted primarily through pairwise comparisons based on Fisher's protected least significant difference. Two sets of comparisons were conducted to test for differences in profit margins between treatments for each environment (cultivar, site, and year). The first set tests for differences among N rates for both ANs and PCU. The second set tests for differences between N sources, each of which was applied at 225 kg N ha −1 .
In addition, regression analysis was conducted to determine the profit maximizing N rates for the ANs and PCU treatments, based on the following model:
where PM was the profit margin over fertilizer costs; Rate was the N rate applied (kg ha −1 ); Year08 and Year09 were categorical variables set equal to 1 for 2008 and 2009, respectively, which account for differences in profit margins for these years as compared with 2007; RC is a categorical variable equal to 1 for the Ridgetown site, which accounts for differences in profit margins between the two sites; Huron is a categorical variable equal to 1 for the 'Huron' cultivar, which accounts for differences in profit margins between cultivars; and a, b, c, d, e, f, and g are parameters to be estimated through the regression analysis. This analysis was conducted separately for each of the two N sources (ANs and PCU).
Statistical analyses
All data sets were analyzed using SAS (Statistical Analysis Software v 9.2; SAS Institute Inc., Cary, NC) with the Type I error rate (α) set at 0.05. All data met the assumptions of analysis of variance (ANOVA), where homogeneity and normality were evaluated using residual plots and the Shapiro-Wilk normality test, respectively (proc plot and proc univariate; Bowley 2008). Datasets were tested for outliers using Lund's test and outliers were removed only if influential (Bowley 2008) ; for any dataset, two or less data points were removed.
Due to the uneven number of rates for each source (i.e., four rates for ANs and PCU but one rate for other sources), various analyses with select treatments were conducted based on objectives. Regardless, data were subjected to variance analysis and protected multimeans comparison (Tukey's means separation) using a mixed model (proc mixed) with block and year nested within block as random effects. Sites were analyzed separately due to initial analysis that identified multiple interactions with main effects of fertilizer treatment, cultivar, and year. To characterize yield response to fertilizer N rate, data were subjected to a step-wise regression analysis to determine equations of N response (proc glm and nlmix). To determine the impact of N source at a constant N rate (225 kg N ha −1 ) on yield, the fixed effects were fertilizer (4-6 treatment depending on site and year) and cultivar, with their interaction included in the model. For N content (soil and plant) and NUE data of cabbage 'Huron' (only cultivar sampled), interest was to directly compare the different sources, timings, and rates. Hence, the fixed effects were year and fertilizer (11 treatments; SCU and ANp at one rate, ANs and PCU at four rates, and nonfertilized control) and their interaction was included in the model. For the dissolution experiment, the fixed effects were fertilizer (6 sources) and sample time (9 or 10 times depending on year) and their interaction was included in the model. For all datasets, if there were no year × main effect interactions, data were pooled over years (i.e., only N content and NUE data), but otherwise, years were presented separately.
Results
Monthly mean temperatures in the 2007 growing season were near normal or warmer at Ridgetown (0.1°C to 1.8°C) and Simcoe (−0.1°C to 2.2°C). Although August precipitation was similar to the 30-yr mean (difference of 3 mm), the rest of the growing season at Ridgetown in 2007 was drier than normal (i.e., 18%-60% less rainfall) (Table 2) . Similarly, precipitation was 60%-83% of the 30-yr mean at Simcoe during the 2007 growing season. At Simcoe in 2008, June and July were 1.1°C-1.9°C warmer, respectively, than historical temperatures. Although June precipitation was 74% of the 30-yr mean, the following 3 mo were considerably wetter (53, 41, and 10 mm more than norm). At Ridgetown, June and July were 2.3°C cooler in 2009 than the 30-yr average. In 2009 at Simcoe, mean monthly temperatures in June were near average (difference of 0.3°C) but 1.7°C cooler in July. The remainder of the 2009 growing season had near 30 yr average temperatures at both locations. In 2009, the total monthly precipitation in June and July were 70% and 39% of historical averages, respectively, at Ridgetown but near average precipitation at Simcoe. The rest of the 2009 growing season at both locations had near normal precipitation except in September, which was dry (61 and 71 mm less precipitation than the 30-yr mean in Ridgetown and Simcoe, respectively).
Cabbage yield response to N fertilizer
The highest total yield in each site and year was between 75 and 100 Mg ha −1 (data not shown). For all treatments where N was applied, the marketable yield was 94% of the total yield, therefore, only marketable yields were presented. Cabbage marketable yield in the zero N treatment was 13.1-43. applied as ANs and PCU, respectively, had the highest marketable yield. In the other 10 source-environments (14 total) marketable yield was greatest with the highest N rate tested (300 kg N ha
−1
). In addition to rate response, when applied at 225 kg N ha −1 , there was no impact of N source on marketable cabbage yield in seven of nine environments (Table 3) . At Ridgetown in 2007 and 2009, N source had an effect on marketable yield of 'Loughton' but not 'Huron'. In the two environments (Ridgetown 2007 and 2009, 'Loughton') where N source was significant, ANp had the lowest marketable yield but was not different than PCU and SCU. Marketable yield with ANs was equal to or greater than PCU and SCU. Thus, N source had little to no impact on marketable late-season storage cabbage in our study.
Profit margins
Similar to yields, the results of the pairwise comparisons testing for differences in profit margins across different N rates indicated that higher N rates tended to generate higher profit margins (Table 4) . Profit margins for the 300 and 225 kg N ha −1 rates tended to be higher than for the 75 kg N ha −1 rate and the 0 N control for both the ANs and PCU treatments. For some environments, the profit margins for the 150 kg N ha −1 rate were also higher than the 75 kg N ha −1 rate and the 0 N control. In most cases, profit margins for specific N rates were not significantly different between the two treatments. The results of the regression analysis indicated that the profit maximizing N rates were similar for both N sources at 325 and 351 kg N ha −1 for ANs and PCU, respectively (note: the highest rate tested was 300 kg N ha
−1
). The results of the pairwise comparisons for the N source treatments indicated that for most environments there were no differences in profit margins between the different sources (Table 3 ). The one exception was Ridgetown 2009 with the 'Loughton' cultivar, where the ANs treatment had a higher profit margin than the ANp treatment, which was consistent with marketable yield results.
Soil nitrate, plant N content, and NUE At both sites, N content in the heads (harvested portion) and leaves plus stems (crop residue remaining in the field) increased linearly with the quantity of N applied (p < 0.05). At Ridgetown, N content in the heads and crop residue in response to N applied [pooled over N source (ANs and PCU)] was best fitted to the equation y = 62 + 0.49x (R 2 = 0.83) and y = 87 + 0.45x (R 2 = 0.74), respectively, where y was N content and x was fertilizer N applied. Similarly, for Simcoe, the equations were y = 56 + 0.62x (R 2 = 0.88) and y = 62 + 0.3x (R 2 = 0.30) for N content in cabbage heads and crop residues, respectively. The linear response and means separation were not different with ANs and PCU (p > 0.05; Table 5 ). Similarly, N content in the harvested portion and crop residue was not influenced by the four different N sources applied at 225 kg N ha −1 (Table 5) Table 5 ). The ANs treatments tended to have higher soil nitrate content than the zero N control, which had the lowest value. As opposed to N rate, fertilizer source had no impact on soil nitrate content in the 0-30 cm soil depth at cabbage harvest at Ridgetown. At both sites, N treatment influenced all four NUE indicators tested (p ≤ 0.0043) except for N index at Ridgetown (p = 0.3306; Table 5 ). For all indicators, increasing N application rates lowered NUE but fertilizer source had little effect. With 225 kg N ha −1 applied, N source had no influence on all four NUE indicators at both sites, with one exception. At Simcoe, AFNRE was higher with the soluble fertilizer (ANp and ANs) than PCU and SCU.
Dissolution of fertilizers
In every environment tested, ammonium nitrate quickly dissolved to nearly 100% by the first sampling day (10 d after burial) (Fig. 2) . Similarly, SCU quickly dissolved by the first sample date (10 d) but only to 45%-60% of initial quantities. By the last sample date, SCU had the greatest quantity of fertilizer remaining (25%-45%). Patterns and quantities of dissolution were similar for ESN and the three PCU types tested. There was more variation among CRF types in 2008, 
Note: Within a column, values with different lowercase letters represent statistical differences based on protected least significant means separation. NS, not significant; *, p < 0.05.
a All treatments were applied at 225 kg N ha −1 and consisted of ammonium nitrate applied 75:25 preplant and in-season; PCU treatment was a 25:50:25 mixture of ammonium nitrate, PCU-Type II (60-90 d release), and PCU-Type III (90-120 d); SuperU was urea containing the urease inhibitor N-(n-butyl) thiophosphoric triamide and dicyandiamide, a nitrification inhibitor; SulfN was ammonium sulphate nitrate. Treatment was not included in that site-year. Van Eerd et al. particularly at Ridgetown. Compared with other sources (SCU and AN), dissolution of the four PCU treatments was slower and plateaued at 75-100 d (harvest was at 147 d), which was 30-65 d after SCU. For all four PCU treatments, the total amount dissolved was 75%-95% of initial mass. By the following spring, for all CFU sources, only 5%-10% dissolved over winter.
Discussion
In our trials, storage cabbage marketable yields were representative of commercial grower yields but higher than the reported provincial average yield of 29.5 Mg ha −1 in 2007 -2009 (Mailvaganam 2015 . The lower provincial values could be attributed to lower expected yields of fresh market cabbage compared with storage cabbage. Yearly variation in cabbage yield can be partially explained by the number of days at 30°C or greater, which has been shown to reduce cole crop yields by 1% per day (Warland et al. 2006 ) and has been observed previously (McKeown et al. 2005 (McKeown et al. , 2010 Tremblay and Bélec 2006) . Overall, our observed crop responses to fertilizer N are applicable to the industry based on the commercial-representative yields observed in all seven environments. In our study, in the zero N fertilizer treatment, the soil supplied sufficient mineral N for 15-40 Mg ha −1 of marketable cabbage compared with an average of 75 Mg ha −1 in treatments where fertilizer N was applied.
The low marketable yields observed in the zero N fertilizer treatment were due to poor crop quality (small, unmarketable heads). Overall yield response to N fertilizer in our study (maximum yield obtained with an average of 286 kg N ha −1 ) was consistent with previous work with cabbage with linear or quadratic increases in yield to the maximum amount applied of 244 to >500 kg N ha −1 (Zebarth et al. 1991; McKeown et al. 2010 ). Correspondingly, profit margins were maximized with over 300 kg N ha −1 .
The current provincial recommended N rate for cole crop production is 170 kg N ha −1 , which is substantially lower than the optimal rates observed in our study and others (Zebarth et al. 1991; Bakker et al. 2009a; McKeown et al. 2010) , and is also significantly lower than the profit maximizing N rates estimated in our study (325 and 351 kg N ha
−1
). While yearly weather variation, season length, temperature, soil moisture, soil characteristics, and cultivar influences cole crop response to N, these results suggest a need to increase the provincial N fertilizer recommendations for late-season storage cabbage.
In our study, late-season storage cabbage yield response to N rate was equivalent with the standard fertilizer program of soluble N applied 75% preplant and 25% side-dressed in-season [i.e., provincial recommendation (OMAFRA 2008) ] and the CRF program of preplant application of 25% ammonium nitrate and 75% PCU. Likewise, at the tested 225 kg N ha −1 rate, cabbage marketable yield was not affected by N source (soluble N vs. various CRF) and timing (preplant vs. split-applied) in seven out of nine environments. When N treatment was significant (p < 0.05), marketable cabbage yield was lower with CRF than ANs, as was observed by others (Grant et al. 2012; Farmaha and Sims 2013) . Overall, we observed that the quantity of fertilizer N to maximize Within a column and site, values with different lowercase letters represent statistical differences based on protected leas significant means separation. NS, not significant; ***, p < 0.001; **, p < 0.01; *, p < 0.05.
a Ammonium nitrate was applied 75:25 preplant and in-season; PCU treatment was a 25:50:25 mixture of ammonium nitrate, PCU-Type II (60-90 d release), and PCU-Type III (90-120 d). Within a column and site, values with different lowercase letters represent statistical differences based on protected least significant means separation. NS, not significant; ***, p < 0.001; **, p < 0.01; *, p < 0.05.
a NHI, N harvest index, proportion of N in the harvested plant part (i.e., the head) relative to aboveground plant N content; aNUE, agronomic NUE, quantity of N in the head divided by the amount of fertilizer applied; AFNRE, apparent fertilizer N recovery efficiency, difference of plant N content in the fertilized treatment and unfertilized control divided by quantity of fertilizer applied; NUtE, fertilizer N utilization efficiency difference of head N content in the N treatment and the unfertilized control divided by the plant N content in the N treatment and the unfertilized control.
b Treatments were ammonium nitrate applied 75:25 preplant and in-season; PCU treatment was a 25:50:25 mixture of ammonium nitrate, PCUType II (60-90 d release), and PCU-Type III (90-120 d) .
c NA, not applicable. d Samples from this treatment were not analyzed for N concentration in 2007 and not included in analysis.
yield or profits was not influenced by N source, which was similar to results in other crops (Zvomuya et al. 2003; Wilson et al. 2009a; Grant et al. 2012; Bero et al. 2014; Bierman et al. 2015) . Bag weight loss via field burial has been shown as an effective and inexpensive method to estimate N release from CRF (Zvomuya et al. 2003; Wilson et al. 2009b; Carson and Ozores-Hampton 2012; Carson et al. 2014a ). In our study, timing of N release from buried mesh bags depended on formulation as well as environmental conditions. This observation was comparable with other studies (Zvomuya et al. 2003; Wilson et al. 2009b ) and suggests the need for research in varying environments.
The tested PCU formulation (ESN and PCU I, II, III) had very little influence on timing of N release in 2009 at Simcoe and to a lesser extent at Ridgetown. The lack of difference in N release among PCU formulations in two out of four site-years suggests difficulty in matching predicted PCU N release with crop N uptake. Even so, the PCU formulations had higher total dissolution compared with SCU (i.e., 75%-95% dissolved by cabbage harvest compared with 55%-75%, respectively). This difference could be partially attributed to the biological dependency of SCU for dissolution as opposed to solely soil temperature and moisture with PCU formulations.
Based on weight loss from mesh bags, considerable PCU remained (5%-25%) at the end of the cabbage growing season, which was similar to other results (Bottoms et al. 2013) . In contrast, other researchers have reported almost complete N release (i.e., ≥98%) within the crop growing season (Wilson et al. 2009b; Carson et al. 2014a; Bierman et al. 2015) . Thus, under the climatic and soil conditions observed, there was better synchrony of N release with crop growth throughout the season with PCU than SCU, which was better than AN. Considering that the PCU treatment used to assess cabbage response was a mixture of formulation II and III as well as ammonium nitrate (25%), there is an opportunity to develop a more optimal PCU formulation for N release synchrony with cabbage growth.
Although N release of CRF applied in the fall for subsequent crop uptake has been evaluated (Carson et al. 2014b; Bottoms et al. 2013) , we are the first to characterize N release over winter by leaving the mesh bags in the field after crop harvest. The lack of difference between fall and spring CRF weights suggests minimal N losses over winter. Our research indicated a need to improve PCU products to better synchronize N release with cole crop N uptake in temperate climates such as Ontario. While some studies have observed synchrony of N release with crop uptake (Ziadi et al. 2011; Gao et al. 2015) , many researchers have similarly identified the need to find the optimal combination of PCU coating duration, application timing, N release, and horticultural crop uptake (Wilson et al. 2010; Carson et al. 2014b) . Moreover, the extent of prill damage caused by typical fertilizer storage, transport, and application can influence N release (Beres et al. 2012; Bierman et al. 2015) and should be considered in future research and development of CRF products for specific crop production systems.
The absence of observed differences in cabbage yield among N sources was largely attributed to a lack of significant rainfall events leading to in-season N losses in our study and other studies (Grant et al. 2012; Bierman et al. 2015) . Differences in nitrate leaching between soluble fertilizers and CRF have been observed when significant rainfall events occurred (Zvomuya et al. 2003; Wilson et al. 2010 ). In our study, the lack of in-season N losses was supported by N dissolution data. In our humid, temperate climate, although large rainfall events occur that may or may not lead to N losses, during May through September evapotranspiration exceeds precipitation in Ontario (Brown et al. 2013) , mitigating N losses. Others have observed weather conditions that delayed N release from CRF lowered crop yield with CRF compared with soluble N (Grant et al. 2012; Farmaha and Sims 2013) . Thus, Grant et al. (2012) recommended a mixture of CRF with soluble N to overcome limitations of earlyseason N deficits, which was the approach used in our study (PCU treatment was a 25:75 mixture of soluble N and PCU).
The lack of differences between CRF and soluble N in yield response and profit margins observed in our study suggests there may be limited economic benefits of the tested CRF treatments in the evaluated environments and production system. Likewise, Khakbazan et al. (2013) observed net revenues of CFU were not different or lower compared with soluble N due to the additional costs of CFU and the lack of effect on field crop yield. When environmental aspects and potential savings in split application costs were factored in by Shaviv and Mikkelsen (1993) , Shaviv (2001) , Simonne and Hutchinson (2005) , Guertal (2009), and Morgan et al. (2009) , the slow-release fertilizers and CRF were more attractive for production and environmental reasons, particularly on sandy soils with high water tables and thus high potential for leaching. But none of the economic assessments on N fertilizer management (Congreves et al. 2013; Farmaha and Sims 2013; Khakbazan et al. 2013 ) considered environmental costs of N losses nor energy efficiencies of the N treatments. Hence, a more comprehensive economic analysis that include externalities and (or) lifecycle analysis would provide a more accurate evaluation of true costs.
In our study, there appears to be little difference between soluble N and CRF treatments in environmental risk in late-season storage cabbage based on plant and soil N content and NUE indices. Although NUE increased with decreasing fertilizer N rate, N source had very little effect on NUE, which was consistent with previous research (Smith et al. 2016 ). Similar to our results, others observed that CRF had little influence on NUE (Congreves and Van Eerd 2015) and timing of fertilizer N application had no influence on NUE in cauliflower (Everaarts and van den Berg 1996) .
At cabbage harvest, soil nitrate was not influenced by N source or rate. Comparable to our results, others have observed relatively low (≤9.0 mg kg −1 ) soil mineral N at harvest that was not different among treatments despite application rates of 0-300 kg N ha −1 (Everaarts and Booij 2000; Congreves and Van Eerd 2015; Smith et al. 2016 ) with either soluble N or PCU sources (Wilson et al. 2010; Ziadi et al. 2011; Farmaha and Sims 2013) . Similarly, others measured no differences in nitrate losses among soluble N and CRF sources (Bero et al. 2014; Nash et al. 2015) .
Comparable to McKeown et al. (2010) , substantial quantities of N were taken up by cabbage (253-333 kg N ha −1 with 225 kg N ha −1 applied) and other cole crops (Bakker et al. 2009b; Congreves and Van Eerd 2015; Smith et al. 2016 ). Likewise, considerable N remains in the field in crop residues (158-219 kg N ha −1 with 225 kg N ha −1 applied) after cabbage production (Congreves et al. 2013 (Congreves et al. , 2014 Smith et al. 2016) , which represents a potential environmental risk of N losses due to rapid decomposition and mineralization of low C to N ratio crop residues (Congreves and Van Eerd 2015) . Moreover, during the non-growing season, precipitation exceeds evapotranspiration, thus, when the soil is not frozen, leaching events occur (Brown et al. 2013 ).
Clearly there is a need to identify best management practices that minimize N losses between growing seasons and (or) delay mineralization of cole crop residues until subsequent crop growth (Congreves and Van Eerd 2015) . Overall, the lack of differences between soluble N and PCU sources in yield, NUE, plant N content, and soil nitrate content at harvest suggests a similar risk of N losses. However, our research did not evaluate the pathways of N loss. Various CRFs may reduce N 2 O emissions (Cheng et al. 2006) but results among studies were not consistent (Cao et al. 2006) . Future research should continue to evaluate CRF products as a tool to manage inseason N for vegetable crops.
In our five site-years, it is likely that there was a lack of excessive rainfall and irrigation during the growing season to cause significant N losses and thus detect meaningful differences in crop yields, economics, and NUE between soluble N and various CRFs tested. It is possible that conditions of more intensive rainfall events and those predicted with climate change may favour CRF use to minimize N losses and optimize NUE. An earlier planting date (i.e., early April compared with late May or mid-June), comparison of preplant soluble N (i.e., as opposed to split-applied soluble N), and sites with lighter soil texture (i.e., a sand or loamy sand compared with sandy loam) may have led to leaching events and differences between N sources. Regardless, our study was representative of long-season cole crop production in a humid, temperate climate and was consistent with both cultivars.
Conclusions
Our research suggests equivalent agronomic, economic, and environmental benefit of the tested preplant CRF treatments compared with split-applied soluble fertilizer for cabbage production in a humid, temperate climate. At both sites with both cultivars, storage cabbage yields were maximized between 196 and 300 kg N ha −1 (avg. 286 kg N ha −1 ), while profit maximizing rates were just over 300 kg N ha −1 , which suggests that the provincial recommended fertilizer N rate of 170 kg N ha −1 would be inadequate.
While there was considerable PCU (5%-25% by weight) remaining after the growing season, any prills that remain after harvest appear to overwinter in our temperate climate, suggesting no additional risk of N losses over that time and partially explains the lack of differences in N source treatments. Perhaps formulations that better match N release with crop N uptake may allow for improvements with CRF. Potential environmental and (or) yield benefits of CRF may only occur in growing seasons and soils prone to N losses. To minimize N losses in cole crop production, management should focus on postharvest strategies as the majority of N at harvest was in crop residue.
